Intravascular large B-cell lymphoma (IVLBCL) is a distinct disease entity with the peculiar characteristic that tumor cells proliferate within vessels. Despite recent advances in understanding the disease from clinical aspects, the underlying pathogenesis remains unknown. Here we demonstrate analyses of IVLBCL biology using four xenograft mouse models established from primary IVLBCL samples. In all four models, the main characteristic of IVLBCL tumor cell proliferation within vessels was retained. Time-lapse engraftment analyses revealed that the tumor cells initially engrafted and proliferated in the sinusoids and vessels in the liver and then engrafted and proliferated in multiple organs. Intriguingly, serial passage of tumor cells from the adrenal gland of a transplanted mouse developed from primary patient bone marrow cells into a second mouse showed that the tumor cells mainly distributed into the adrenal gland in the second mouse, implying the existence of clonal selection and/or evolution at engraftment of a specific organ. Gene expression profiling analyses demonstrated that the gene set associated with cell migration was enriched for normal peripheral blood B cells, indicating that inhibition of cell migration might be involved in IVLBCL pathogenesis. In conclusion, the mouse xenograft models described here are essential tools for uncovering IVLBCL biology.
INTRODUCTION
Intravascular large B-cell lymphoma (IVLBCL) is a rare distinct disease entity of extranodal large B-cell lymphoma according to the current World Health Organization (WHO) classification. 1 This disease is characterized by the selective growth of tumor cells in the lumina of small vessels. 2 Peculiar characteristics of IVLBCL including the absence of remarkable lymphoadenopathy, and the presence of nonspecific clinical symptoms such as fever of unknown origin and general malaise, make precise diagnosis difficult. These difficulties result in a delay in timely diagnosis and initiation of treatment, and thus disease progression at diagnosis leads to poor prognosis. 3, 4 Recent advances in understanding the disease and in diagnostic approaches including random skin biopsies have improved ante-mortem diagnostic yield. [5] [6] [7] Moreover, application of the anti-CD20 monoclonal antibody, rituximab, has resulted in improved clinical outcomes. [8] [9] [10] Although there is apparent progress in its diagnosis and treatment, the fundamental question regarding IVLBCL, that is, why do the tumor cells proliferate in the lumina of vessels, remains unanswered. Previous reports suggested that the lack of CD29, CD54 and CD11a might be associated with the pathogenesis of IVLBCL; however, it has been difficult to validate these findings. 11, 12 The most serious obstacle to uncovering the underlying biology of IVLBCL seem to be difficulty in obtaining a lot of live tumor cells from diagnostic specimens because of the specific characteristics of IVLBCL. This problem has made it very difficult to investigate disease mechanisms.
Recent studies using immunodeficient mice have led to the development of xenograft malignant lymphoma models from patient-derived tumor cells. 13, 14 In these xenograft models using NOD/Shi-scid IL2Rγ null (NOG) mice, 13, [15] [16] [17] it is possible to achieve successful engraftment and subsequent proliferation of primary lymphoma cells. If it was possible to develop a xenograft model from IVLBCL patient tumor cells, such a model might be a very powerful tool for uncovering the underlying biology of IVLBCL. Herein, we aimed to develop such xenograft models using primary IVLBCL samples and to use these models to investigate the underlying biology of IVLBCL.
MATERIALS AND METHODS

Development of xenograft models
To develop xenograft mouse models, 1.0 × 10 6 -5.0 × 10 6 primary bone marrow (BM) mononuclear cells from patients clinically suspected or pathologically diagnosed with IVLBCL were basically transplanted intravenously into 2 NOG mice (purchased from the Central Institute for Experimental Animals, Tokyo, Japan). Written informed consent for the experimental use of patient BM cells was obtained before the BM aspiration. The protocol for the experimental use of patient samples was approved by the institutional review board of Nagoya University Hospital. To suppress the proliferation of human T cells from patient BM in NOG mice, 100 μg of OKT3, an anti-CD3 monoclonal antibody (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany and BioLegend, San Diego, CA, USA), was also injected intraperitoneally. Approximately 2 to 3 months after transplantation, the tumor-bearing mice (denoted F0) were killed. Engraftment of the lymphoma cells was investigated using flow cytometry (FCM) and pathological specimens. Leukocytosis in peripheral blood obtained from the inferior vena cava was also evaluated using FCM. In the case of engraftment, 1.0 × 10 6 -5.0 × 10 6 tumor cells from each organ of the mouse models were serially injected into other mice (using 2 mice per organ) (F1) intravenously or intraperitoneally. Mouse models were considered to be established based on the success of secondary serial passage of the tumors, that is, development of third-passage transplanted mice (F2). Patient-derived xenografted tumor cells obtained from F0 to F2 mice were used in the subsequent analyses. To confirm that the xenografted tumor cells were clonally related to the original tumors, the sequences of the variable region of the immunoglobulin heavy chain were analyzed based on BIOMED-2 guidelines (Invivoscribe, San Diego, CA, USA). 18 All the animal experimental procedures complied with the Regulations regarding Animal Experiments in Nagoya University.
Chimerism analysis of the tumor engrafted in each organ
To determine whether the tumor that arose in each organ was derived from the patient or not, the presence of human CD45-and mouse CD45-positive cells was investigated by FCM (FACSCalibur, BD, Franklin Lakes, NJ, USA) using the monoclonal antibodies listed in Supplementary Table S1 . The percentage of hCD45-positive cells in the total CD45-positive mouse and human cells in each organ was defined as the chimerism of each organ.
Pathological analyses and immunohistochemical staining
Formalin-fixed, paraffin-embedded tissues of patient and mouse samples were evaluated by routine hematoxylin and eosin staining and immunohistochemistry using the primary antibodies listed in Supplementary Table S1 . Hematopathologists (SS and SN) reviewed the existence of tumor cells in pathological specimens. The specimens were observed with an Olympus BX51 N-34 (Olympus, Tokyo, Japan), and the photos were taken with a Nikon DS-Fi1 (Nikon, Tokyo, Japan) and BZ-9000 (Keyence, Osaka, Japan).
Surface antigens and B-cell origin analyses of tumor cells
To evaluate surface antigens associated with cell adhesion and with the cell of origin as the normal counterpart of the tumor cells, FCM analyses were performed using the monoclonal antibodies described in Supplementary Table S1 (FACSCalibur and FACSCanto2, BD).
Time course engraftment analyses after transplantation
To investigate the pattern of engraftment and proliferation of the IVLBCL tumor cells in the mouse models, time-lapse engraftment analyses were performed. After intravenous injection of 5.0 × 10 6 tumor cells from a tumor formed in the spleen in mouse models (F2), the mice were killed according to a time course. Tumor engraftment and proliferation patterns were pathologically analyzed at time points of 1, 2, 3 and 4 weeks after inoculation.
Organ specificity of tumor engraftment in serial passages To investigate whether there was any specificity associated with IVLBCL tumor cells engrafted in each organ, we serially transplanted 1.0 × 10 6 tumor cells from each organ of the first transplanted mouse (F0), which was developed from the primary BM sample, into a second mouse (F1). When tumors appeared in the second mouse, the pattern of tumor formation and the chimerism in each organ was analyzed. In particular, we analyzed the organ specificity of tumor cells engrafted in the BM, liver and adrenal gland in the first transplanted mouse (F0).
Dependency of tumor cells on vascular endothelial cells
To analyze the dependency of the tumor cells on vascular endothelial cells, we evaluated tumor cell survival under co-culture with or without human umbilical vein endothelial cells (HUVECs; purchased from Takara Bio Inc., Shiga, Japan). In brief, 5.0 × 10 5 IVLBCL tumor cells from a tumor formed in the spleen in mouse models (F2) were placed into a 6-well plate coated with HUVECs or with cells of the BLS4 mouse fibroblast reticular cell line 19 (kindly provided by Dr Tomoya Katakai, Niigata University, Niigata, Japan).
After 24 h, the survival of cells co-cultured with or without HUVECs or BLS4 were analyzed. EBM-2 (Takara) supplemented with 2% fetal bovine serum and other supplements (EGM-2 bullet kit; Takara) was used as the culture medium for HUVECs. RPMI-1640 (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% fetal bovine serum (Gibco in Thermo Fisher Scientific, Waltham, MA, USA) was used for BLS4. Cell survival was evaluated by Trypan blue staining and by FCM of cells stained with anti-hCD20 (BioLegend) and 2 μg/ml of propidium iodide. The relative cell survival ratio was calculated by comparison of the cell survival rate at the initiation with that at the end of co-culture.
Array CGH analysis and genomic copy number PCR assay To investigate genomic copy number alteration of IVLBCL tumor cells, array comparative genomic hybridization (CGH) analyses 20 were performed. In brief, genomic DNA was extracted from IVLBCL tumor cells from each mouse (F0 to F2) using the QIAamp DNA Blood Mini Kit according to the manufacturer's protocol (QIAGEN, Venlo, The Netherlands). Tumor genomic DNA was evaluated using the SurePrint G3 Human CGH Microarray Kit and Genomic Workbench (Agilent Technologies, Santa Clara, CA, USA). Pooled DNA from healthy volunteer donors was used as a reference. The background biases in the log2 ratio values of the CGH analysis data were adjusted according to standard statistical methods. Specifically, the correlation bias with guanine-cytosine content of the corresponding clone sequence was first removed. Subsequently, the probe-specific bias was also removed, where the bias at each probe was estimated by the running mean of the adjacent 10 probes in both slides. Copy number variations/polymorphisms were identified using a Database of Genomic Variants (http://projects.tcag.ca/ variation/) and were then excluded from further analyses. Genomic copy number alterations in array CGH data were defined by interactively updating and labeling a maximum likelihood segmentation model using SegAnnDB software. 21 Subsequently, a genomic copy number assay was performed to validate the array CGH data. Genomic copy number located on persistent alterations loci was evaluated by real-time PCR according to the manufacturer's protocol (TaqMan Copy Number Assay, Applied Biosystems in Thermo Fisher Scientific), and the data were analyzed using CopyCaller software (Applied Biosystems in Thermo Fisher Scientific). Array CGH data are available at the Gene Expression Omunibus database under accession number GSE72028.
Gene expression profiling analysis
To evaluate gene expression profiling (GEP) of IVLBCL tumor cells, tumor cells from a tumor formed in the spleen of mouse models (F2) and peripheral blood mononuclear cells from healthy volunteer donors used as normal controls were purified by magnetic beads selection targeting the CD19 antigen (Miltenyi Biotec). Total RNA of CD19-positive cells was extracted using TRIzol solution (Thermo Fisher Scientific). RNA concentrations and purities were determined by measurement of A260, A260/A280 and A260/A230 ratios using a NanoDrop-1000 Spectrophotometer (Thermo Fisher Scientific) and these qualities were confirmed using the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA samples with high integrity (RNA integrity number score ⩾ 9.0) were evaluated for GEP analyses using the SurePrint G3 Human Gene Expression 8 × 60K v2 Microarray Kit (Agilent Technologies). Microarray slides were scanned using the Agilent DNA Microarray Scanner. The GEP analyses described above were performed by Oncomics Co. Ltd (Nagoya, Japan). Subsequently, expression levels of transcripts were normalized to the 75th percentile using GeneSpring version 13.0 (Agilent Technologies), and were log2 transformed. Out of 50 599 probes measured in this microarray, probes detected in all 8 samples were selected, and a total of 19 019 probes remained for further analysis.
To confirm the similarity among the eight samples, principal component analysis and hierarchical clustering were performed. Principal component analysis was performed using the prcomp function with the scaling option on in the R software version 3.2.1 (https://www.r-project.org/). The CLUSTER program was used to perform average linkage hierarchical clustering, using mean centering for normalization and an uncentered correlation coefficient, and the results were displayed using TREEVIEW (http://jtreeview.sourceforge.net). 22 The gene expression levels of IVLBCL tumor cells and normal control B cells were compared by using the significance analysis of microarrays method. 23 The same microarray data Analysis of IVLBCL mouse models K Shimada et al sets were also analyzed using gene set enrichment analysis (GSEA). 24 Signal-to-noise and 1000 permutations of the genes were applied in the GSEA analysis with the gene sets obtained from the MSigDB database v5. 0. 24 A false discovery rate value of o0.05 was considered significant for GSEA analysis. GEP data are also available at the Gene Expression Omunibus database under accession number GSE72028. 
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RESULTS
Characteristics of patients whose IVLBCL samples were used to establish mouse models Bone marrow mononuclear cells from four patients diagnosed with IVLBCL were transplanted intravenously to develop mouse xenograft models. The characteristics of these four patients are shown in Table 1 hemophagocytosis was not observed. The remaining three patients were classified into the Asian-variant IVLBCL. 25 Except for patient 2 who was not timely diagnosed, the remaining patients received rituximab-containing chemotherapies. Patients 1 and 3 are still alive, but patient 4 died of her disease after central nervous system relapse. All four patients were diagnosed with Development of mouse models and characteristics of the tumors At 2 to 3 months after xenotransplantation of BM cells from all four patients, engraftment of the tumor was observed. The autopsy findings of the mouse models (1 to 4) established from each of the four patients are shown in Figure 2A . Hepatosplenomegaly was observed in all four mouse models. Pathological specimens stained with hematoxylin and eosin and L26 are shown in Figure 2B . Tumor cells were identified lodged in the lumina of vessels in the kidney, lung, liver and other organs in the mouse models. These data indicated that the main characteristic of the IVLBCL tumors was retained in the xenograft models. Even at the time of killing of mice because of disease progression, extensive leukocytosis by the tumor was not observed (Supplementary Figure S1 ). Subsequently, we determined whether the tumor cells from the mouse models were clonally related to those from the original patients. The sequence of the immunoglobulin heavy chain variable region of both the mouse models and the patient samples were analyzed, indicating that the tumor clone in the mouse models could be detected in the corresponding patient samples (Supplementary Figure S2) . Immunophenotypes of the tumor cells of both the mouse models and the patient samples were also analyzed. Immunophenotypes of all four tumors was classified into the non-germinal center B cell type according to Hans' criteria, 26 and the phenotypes of the mouse models and patient samples were essentially the same (Supplementary Table  S2 ). Moreover, we evaluated tumor cells from the mouse models in terms of characteristics of cell surface antigens associated with B-cell origin and cell adhesion molecules. The normal counterpart of IVLBCL has been postulated to be a transformed peripheral B cell. 1 As expected, tumor cells from all four mouse models displayed a CD19 + , CD20 + , CD27 + , IgD -, CD24 + and CD38 + phenotype, indicating that IVLBCL tumor cells in these models originated from memory B cells ( Figure 3A ). Expression of cell adhesion molecules was evaluated as these molecules were previously suggested to have an association with the underlying pathogenesis of IVLBCL. Although the expression of CD29 (ITGB1) and CD11a (LFA-1α) was reported to be related with IVLBCL pathogenesis, consistent expression of these adhesion molecules was not observed in the tumor cells of the present analysis. In terms of the remaining antigens, we could not find any specific expression that might reflect the underlying biology of IVLBCL ( Figure 3B ). Figure S3E ). The combined data suggest that, at least in these models, the tumor cells were initially engrafted in the liver and then systemically disseminated and began to proliferate in multiple organs at an early phase after tumor transplantation. Tumor distribution after transplantation did not differ between intravenous and intraperitoneal injection (Supplementary Figure S4) .
Specificity of tumor cells engrafted in the adrenal gland and in vitro dependency on vascular endothelial cells To investigate whether there was any specificity in terms of tumor cell engraftment into a certain organ, we serially transplanted tumor cells engrafted in each organ in the first transplanted mouse into a second transplanted mouse ( Figure 5A ). As shown in
Figures 5B and C, tumor cells that were engrafted into the BM and liver of the first transplanted mouse, which was developed from primary patient 4 BM cells, were distributed into systemic organs in the second transplanted mouse. On the other hand, tumor cells engrafted into the adrenal gland in the first transplanted mouse mainly formed a tumorous lesion in the adrenal gland in the second transplanted mouse. The chimerism of the adrenal gland was apparently higher than that of other organs ( Figure 5D ). We further investigated whether vascular endothelial cells supported the survival of the tumor cells in vitro. Tumor cells from a tumor formed in the spleen in the mouse model 1 were co-cultured with HUVECs, and tumor cell survival was evaluated 24 h after initiation of the co-culture. HUVECs supported the survival of the tumor cells in vitro (cell viability with HUVECs vs without HUVECs, 84.5% vs 8.6%; P o 0.01; Figure 6 ). In contrast, BLS4 cells, which are stromal cells in the lymph node, did not support tumor survival in coculture (cell viability with BLS4 vs without BLS4, 28.8% vs 41.6%; P = 0.04; Supplementary Figure S5) . We also performed the same experiments using tumor cells from mouse models 2 and 4; however, we could not detect an apparent effect of co-cultured cells on tumor survival in vitro because of the fragility of these tumor cells (data not shown).
Suppression of the genes associated with cell migration of IVLBCL cells We performed array CGH and GEP analyses using tumor cells from mice 1 to 4 to investigate the presence of disease-specific abnormalities. In array CGH analyses, persistent genomic copy number losses located on the chromosomal locations 6q21, 6q23-24 and 9p21 were detected ( Figure 7A ). We then analyzed the copy number of PRDM1, FOXO3, PERP and CDKN2A, which are located on common genomic copy number alterations loci, using genomic copy number real-time quantitative PCR. Copy number losses of PERP and CDKN2A were detected in tumor cells from all four mice by real-time quantitative PCR. Copy number losses of PRDM1 and FOXO3 were also detected in tumors 1 to 3 (Supplementary Figure S6) . As genomic copy number alterations of PRDM1 and CDKN2A are known to occur in activated B-cell (ABC)-type diffuse large B-cell lymphoma (DLBCL), 27 we compared the pattern of genomic copy number alterations of IVLBCL with that of bona fide DLBCL using published data. 28 As expected, this comparison indicated that the copy number alterations of IVLBCL demonstrated similarity with the ABC type of DLBCL (Supplementary Figure S7) . Moreover, comparison of the genomic DNA of various organs including the spleen, kidney, BM and adrenal gland from the same second transplanted mouse 3 revealed a difference in genomic copy number alterations on chromosomes 12, 21 and X loci ( Figure 7B ).
Subsequently, we performed GEP analyses of all tumors from all four mice. The gene expression of peripheral blood B cells used as a normal reference was homogenous, whereas that of IVLBCL tumors was apparently heterogeneous (Figure 7Ca ). Clustering analysis also showed that tumor 1 was classified into a different cluster from that into which tumors 2 to 4 were classified (Figure 7Cb ). We also compared tumor cells of IVLBCL with DLBCL. In this analysis using published data, 29 IVLBCL were clustered into ABC-like DLBCL (Supplementary Figure S8) . As significance analysis of microarray methods revealed overexpression or suppression of various genes including various oncogenes in the tumor cells (Supplementary Tables S3 and S4 ), we performed GSEA analyses to further analyze such gene expression. As shown in Figures 7D and E and Supplementary Table S5 , GSEA analyses demonstrated that the chromosome 6p22 gene set that includes oncogenic transcription factor E2F3 was significantly enriched at a false discovery rate q-value of o0.001 in tumor cells. Moreover, GSEA analyses also demonstrated that the Myosin pathway, which is related to the process of cell migration and actin reorganization, was significantly enriched at a false discovery rate q-value of 0.016 in normal B cells. These combined data indicated that the suppression of genes associated with cell migration might be related to IVLBCL pathogenesis.
DISCUSSION
We developed IVLBCL xenograft mouse models that originated from primary tumor cells of patients with IVLBCL, and used these mice to try to uncover the underlying biology of IVLBCL. The tumor cells from all four patients with IVLBCL retained the main characteristic of this disease, that is, the tumor cells lodged in vessels and sinusoids in all of the xenograft models. In addition, the tumor cells, at least in part, demonstrated survival dependency on vascular endothelial cells in vitro. These findings suggested that vascular and sinusoidal endothelial cells might play an important role as niches for IVLBCL tumors. Moreover, array CGH and GEP analyses indicated that there was a high likelihood that IVLBCL was classified into ABC-type DLBCL. 27, 29 In the present analyses, IVLBCL tumor cells, at least in part, displayed an in vitro survival dependency on HUVECs. According to the time-lapse engraftment analysis after inoculation of tumor cells, the transplanted tumor cells were engrafted and had initiated proliferation within the vessels and sinusoids of the liver by 1 week after inoculation. Moreover, serial passage of the tumor cells engrafted in various organs showed that tumor cells engrafted in the mouse adrenal gland mainly developed tumors in the adrenal gland of subsequently transplanted mice. These data suggested that IVLBCL tumor cells proliferate on vascular or sinusoidal endothelial cells that function as a niche, and that only tumor cells that are biologically adapted to an organ-specific niche can proliferate in that specific organ. In addition, array CGH data suggested the presence of different tumor clones among organs of the same mouse. The combined data suggested that tumor cells might be selected and/or clonally evolved to develop the disease in a specific organ.
GEP analysis demonstrated suppression of the Myosin pathway and other gene sets including ITGAL, associated with actin reorganization and/or cell migration. 30, 31 Considering the heterogeneity of IVLBCL tumor cells in principal component analysis, the various alterations in cell surface and/or intracellular molecules related to cell migration might result in the inhibition of tumor cell migration and accordingly retain the tumor cells within the vessels or sinusoids in IVLBCL. Thus, a combination of tumor survival dependency on vascular and sinusoidal endothelial cells and inhibition of cell migration might evoke the specific disease phenotype of IVLBCL.
In the present analysis, we demonstrate that IVLBCL tumor cells have a memory B-cell phenotype in terms of cell surface antigens, and that the immunophenotypes are classified into the nongerminal center B cell-type DLBCL according to Hans' criteria. 26 Moreover, the genomic alterations and GEP data of the tumor cells are coincident with the characteristics of ABC-type DLBCL. These findings suggest that IVLBCL are likely to have originated from memory B cells as previously considered. 1 In the present study, by the development and analyses of xenograft models we were able to uncover part of the veiled pathogenesis of IVLBCL, and make interesting deductions regarding the disease mechanism. We believe that these models are an essential tool for understanding IVLBCL biology. However, careful interpretation of potential clonal selection and/or evolution of patient tumor cells during the development of the mouse models is required. In addition, we showed mutual interaction between IVLBCL tumor cells and vascular and sinusoidal endothelial cells in vivo. Careful interpretation of these data is also required in terms of the substantial difference between human and mouse stromal cells. Moreover, we compared IVLBCL tumor cells with peripheral B cells from healthy volunteer donor using GSEA analysis. We also compared tumor cells with DLBCL using published data that were derived using platform and labeling methods that differed from those that we used, as we could not find appropriate data in the public database. Careful interpretation of these data and future investigations are warranted to validate our results. Nevertheless, even considering the limitations of this study, by overcoming the difficulties of obtaining live tumor cells, the present analysis opens the door to uncovering the underlying biology of IVLBCL, and the obtained data should be meaningful in terms of the first elucidation of part of the disease mechanisms of IVLBCL.
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